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Noise control in a space-based observatory {

— Be aware, end mirrors shall not move! —
— They shall be free-falling in space —

— They shall follow a geodetic trajectory —

Lorenzo Sala — University of Trento, LISA GRS Team

25 May 2026 - Erice (TP), Ettore Majorana Center for Scientific Culture
School on Technologies in GW Detection 2026
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LISA's need for nearly perfect free-fall

The LISA concept:
measure the proper distance
between two free-falling test masses

Measurement of the laser Doppler shift:

= GW signal Av
= Noise intrinsic to laser measurement (see G.Wanner’s lecture)
= . Noise intrinsic to TM spurious motion (non inertial) Vo

ae(tr —L/c) — a,(tr)

C

! > (At = 1/0) = h(ay)) +

[ Fractional frequency variation, overly simplified “single-link” LISA ]
[ This is overly simplified,.as this does not consider laser noise, TDI, etc. / see G.Wanner’s lecture ]

*Image credits: quantamagazine.org
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LISA’s need for nea

The LISA concept:
measure the proper distance
between two free-falling test masses

Characteristic Requirement

What can disturb the free-fall? Free-fall purity 65(1mHz) $3x 10" ms=2/VHz
Il Displacement sensitivity 5,(1mHz) < 15%x 1072 m/vHz

0.4 mHz > f !
()] () |

Forces and disturbances:

= Solar radiation pressure
= Actuation noise

= Brownian (molecular) noise Sale (f) < 2.5fms™ /vHa
= Stray electrostatics noise

» TM-MOSA-S/C coupling noise
= Magnetic noise

= Laser pressure noise

= Temperature-induced noise

= Gravitational noise

1/2 1/2
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T e €

= External forces (like the solar radiation pressure) push on the SC.
- Solution: use Test Masses as inertial reference, and apply forces to the SC.
y ? How?

_ = This is a single-SC problem.
y SC control reaction - Measure the relative SC-to-TM position on all DOFs,
- Apply in-loop counteracting forces/torques to the SC (uN cold-gas thrusters)
- Keep the SC-to-TM position fixed.

External noisy forces

=  Keep in mind a few things (will be relevant later):

1. There are internal forces as well.
‘3\/& 2. Forces may be quasi-DC, as well as noisy.
s 3. Any application of force/torque is noisy.

- Thrusters are noisy = they induce additional SC jitter noise.
- Actuating along the science axis is not viable for LISA.
- We would end up bumping into a TM, as there is TM differential acceleration.

7
- ~
’
/ =4 a Y
M 4 - .
) T \v\/\
L1 et N v een e e\ e i k
&
|
|

to SC2

to SC2

ay = g1 + Fiy1/M; F, F, X
a, = g, + 2,9, /M, = Ag:ﬁfh +M_5;2 -
al = C_lz 1 2 :‘)5(';

It is possible to find a solution,
. . if §; and ¥, are not collinear.
In the next slides: we need LOW-NOISE actuation! > We need actuation along TMy.

(we don’t want to be the source of noise...) (see W.Weber’s lecture) -
4 @ INFN
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T e €

= External forces (like the solar radiation pressure) push on the SC.
- Solution: use Test Masses as inertial reference, and apply forces to the SC.
y ? How?

, = This is a single-SC problem.
y SC control reaction - Measure the relative SC-to-TM position on all DOFs,
he SC (uN cold-gas thrusters)

Easy calculation:

- Solar radiation intensity I, = 1.3 kW/m?
- SC surface 20 m?, SC mass 2000 kg
- Solar radiation variation: ~ 100 ppm over timescales of mins

a= % = %1 ~ 70 nm/s? with 100ppm fluctuation over a few minutes
SC jitter noise.
You can calculate the corresponding PSD... . . for LISA.
That’s much higher than fm s=% /Hz~%/2, Ire is TM differential acceleration.
] K ¢ 3

The autocorrelation decays over timescales of minutes.
Ry (t) = a?e” VT > 5, (f) = 26a%t/(1 + 2rf1)?) Y k
SL% < 0.1nms~2/Hz"1/2

A\

TT 15 POSSIDIE 10 11nd a solution,
. . if §; and ¥, are not collinear.
In the next slides: we need LOW-NOISE actuation! > We need actuation along TMy.

(we don’t want to be the source of noise...) (see W.Weber’s lecture) -
: @ INFN
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= Electrostatic actuation is applied with rectangular electrodes —_—
facing the TM. It is applied along all DOFs.

» It shares its electrodes with capacitive sensing.

= Main purpose: control the TM position along all non-x DOFs

TM aCtuatlon. ’: g
Inje J ﬁ

= Science constraints:
- Apply low-noise (fm/s?/Hz~1/2) actuation
(force+torque) along all DOFs, except for x.
- Do not apply actuation along x, and minimize noise e
leakage from other DOFs. “
- Do not induce any TM potential variation.
- Do not introduce command-dependent stiffness.

\
Actuation/Sensing electrodes

% | | om e 5ol 3

‘ - I Credits: Davide Dal Bosco
g |
: |

=

1 80 1 oC
F,= - — Vru Z L

—— V2 x 4
24~ 0q 2 dq TM
’ 10713
Actuation HR-LA (BGT-GRS-01000)
—— Allocation
Q + EiViCi s VLc\VMVer:IeveI a]loc;tiqn; sum
Vru = Cr Important: electrostatic —— Actuation Stability (BGT-GRS-01100)

actuation iS alwayS pOSitive, —— Actuation White Noise (BGT-GRS-01200)

it can only “pull”

-14 |
10 Actuation Cross-talk (BGT-GRS-01300)

—— Actuation Non-Linearity (BGT-GRS-01400)

Important: unbalanced
voltages yield a net VTM
(unwanted!!)

10715 .

Acceleration noise 53 [m s~2/Hz'/2]

X//
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*
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DC electrostatic actuation. VWhy not!?

aq , 1ac Q + 3,V,C;
Fi= 3 X Ve Vi G S e, V= NS

Suppose that we need to apply a net phi torque

(V1¢ V2¢) ‘;@—l ¢

/
Applying either V; 4 on EL1 and EL3 (+¢ rotation), g@—l
or V34 on EL2 and EL4 (—¢ rotation).

1|ac;
No =358

We could apply quasi-DC (slowly-varying if needed)
voltages on the electrodes. As |0, Cx

to have a torque (per unit inertia) y4 = 1 nrad/s? (why? wait a few slides),
we would need a voltage of roughly 0.5 V.

=

z

As this relation is quadratic,

meaning that any electrical noise (e.g. patch potentials)

would linearly transfer into torque noise. ‘OC ‘GC
X

Ny = Viep SInwgt
- The choice is: audio-frequency (N*16Hz) actuation. L) ‘ ( 1¢ ¢ ) 4|0

(272Hz for phi actuation) AVAVAVAVAVAVAVAVAVAVAY / Z

(exploiting the quadratic nature of electric force) uaci.DC out of band
<A xl 7 %, / i c'»

; UNIVERSITA
B2 DI TRENTO , @ INFN
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Audio-frequency electrostatic actuation.

160{11
Fo=3 o Vi VTMZ t3 9 ——Viar,

1 oC,

]zz ("?"'éo + Yoe )
3(_:';
g

Vig/2e =

No force, no torque: Vig = Vay

= Commanding zero force(torque) means commanding balanced voltages.
Va(t) = —Vigsinwyt %1 ISUQUC = Vag coswyt *» Commanding a net force(torque) means unbalancing voltages.

= This is valid for all DOFs.

Vi(t) = —Vag cos wyt = Vigsinwgt

= The parameter y4  is known as authority. It is fixed in the actuation scheme.
No force, positive torque: Vi > Vo, It iS the maXimum (and _minimum)

A/ | | commandable force(torque) Voo < Vo, < TVo,
Va(t) = Vw sin wgt Q Vz‘,('os(uot

=  Waveforms are chosen so that:
— Vi sinwgt 1. Their sum is zero. No induced TM potential.
2. They are orthogonal on different DOFs: this reduces electrical crosstalk.
eg. fcycle Xq@®xp(t)dt =0 Vq,p
3. This scheme also ensures constant stiffness.

Vi(t) = —Vg cos wy't

=  For LISA (wait for the reason behind this):
9x, = 0, gy, ~ Inm/s?, y4 ~ lnrad/s?
Credits: Vittorio Chiavegato

T > UNIVERSITA >
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A critical example of actuation noise (gain fluctuations) s
)
Rigorous approach

Intuitive approach
0% | I R G2
Assume we want to apply phi torque but no x force.
g@—l We unbalance the “pull force” on all electrodes, with AC actuation.

/ | : %
Assume a(t) = 6V (t)/V is a fluctuating actuator gain.
I, 0C% ,0C%
R* — zz X X ~ 33
¢~ |\ Moy 92 ' 96 H

Assume we want to apply phi torque but no x force.
We “pull” with EL1 and EL3. This yields both torque and force. - L2 (Vo0 £76.) (=9
* 1o/2¢ = T a = 2¢,,
Ny = Ry (Fgr1 + Fgr3) " " O;"F‘" ’ " x

Fx = FELl - FEL3 o0 ap = +g$c + 9370 + Rqﬁﬂfﬁi’c + quﬂfﬁf’o
1 < GQ = +g&7c + g-'f-'O + R:?;)’Yﬁi’c - R:;;’YQSO
9a = 200+ 2 ZJ: 4599 a3 = —Gge, — Gao T+ R:;’Yﬁf‘c - Rt’;{)’(ﬁo
a4 = — Gz, — Gy + R$7¢c + R:;)/Tﬁf’o

We choose nominally Fg;; = Fg3 so that F, = 0 (nominally!!!)
\

With FCM13 = (FEL]. + FEL3)/27 FA13 == FEL]. - FEL37 if we had force

fluctuations 6Fg.1, 6 Fg13, the leading order would be
As we apply no force along X, g, = gx, = 0.

After calculations, noise along x depends on: uncorrelated noise,
the authority and the commanded force.

Saye (f)

Ny = Ry (2Fcp13) + Ry (26Fcu3)
Fe = 8Fp13

89 (f) = R:ﬁ? (’yﬁ%’c,DC + ’Yﬁ%o)

If there is a (non-correlated!) unbalance §Fu3,

we involuntarily apply force while applying torque!
- The larger the authority and the force command,

the larger the actuation noise

The larger the torque we want to apply, the larger the noise!
(this is also a reason why we do not actuate x force)
? Question: how do we decide the authority? ™
+ <isi) (INFR

)’ UNIVERSITA
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Quasi-DC forces, gravitational compensation r—

’___”

For any force, do never expect it has no spatial gradient!
Thanks to the control loop, the distance TM-to-SC is almost fixed, so that the system is effectively linear.

_ 99
g_gle-l_a

(x = x) + -+

X0

N

Stiffness w = —dg/0x|,,

. .

D

DC forces (and torques) may be: gravitational, electrical, thermal,... /
- We need to compensate known forces/torques.

- We need a strategy for fuel depletion.

- We need to electrically compensate what remains, with actuation. 4

Quasi-DC force

- We need to compensate tens of nm(rad)/s?, down to pm/s? and nrad/s?

to alleviate the burden on electrostatic actuation.

The (uncompensated) DC force/torque level sets the authority,

which sets the actuation noise. Do not think that balancing is trivial, as gravitational fields
Unnecessarily large authority leads to unnecessarily large noise! move with the MOSA!

UNIVERSITA -
DI TRENTO 10 @ INFN
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Quasi-DC forces, gravitational compensation — =

For any force, do never expect it has no spatial gradient!
Thanks to the control loop, the distance TM-to-SC is almost fixed, so that the system is effectively linear.

_ 99 _
g_gle-l_axxo(x x0)+

\ X110 ! . . !

Stiffness w = —dg/0x|,,

Quasi-DC force

sClaz2

DC forces (and torques) may be: gravitational, electrical, thermal,...

- We need to compensate known forces/torques.

- We need a strategy for fuel depletion.

- We need to electrically compensate what remains, with actuation.

Value [N]

- We need to compensate tens of nm(rad)/s?, down to pm/s? and nrad/s?
to alleviate the burden on electrostatic actuation.

Ascl2A

B :DFACS_Modc |
The (uncompensated) DC force/torque level sets the authority, ' ' '

. . . _9‘3 1 | ! 1 ;
which sets the actuation noise. 16 18 2 2.2 2.4 2.6 2.8
Unnecessarily large authority leads to unnecessarily large noise! Origin: 2018-02-22 05.00:00.000 UTC - [s] % 10°

UNIVERSITA -
DI TRENTO i @ INFN



Quasi-DC forces, stiffness

For any force, do never expect it has no spatial gradient!
Thanks to the control loop, the distance TM-to-SC is almost fixed, so that the system is effectively linear.

_ 99
g_gle-l_a

(x = x0) + -
¥o y Yq = Yq

Stiffness w = —dg/0x|y, ~| |—
¢ |z

In general, stiffness is a matrix:

Quasi-DC force

9q = Yq eq. - Z wép(p - peq)
p

qu,gr (f) = Z wépwgssé‘pﬁs(f) = qu (f) = Z(wép)z'g&p (f) + Z wépwvgs 2
pb,s D*

p

UNIVERSITA )
DI TRENTO 12 @ INFN
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Stiffness and the constant-stiffness scheme

For any force, do never expect it has no spatial gradient!
Thanks to the control loop, the distance TM-to-SC is almost fixed, so that the system is effectively linear.

29 aCy |?
9= gl +3 G-x)+- aL, | %
0\A gg: = - + f)/(,b[) — MOT ‘60;} f}/(f)[) xZ
o
Stiffness w = —dg/0x|y, B i a

Quasi-DC force

Stiffness may be gravitational, and electrostatic/actuation.

- The gravitational part may be partially compensated, if needed 5 5 AVZqS
(but generally, it's not needed. It's more important to focus on DC F/N) V¢C X V1¢ - V2¢

- The electrostatic part may, in principle, depend on the command. Vip + Vi = const

Example: think of an electric field.

The actuation scheme allows stiffness to only depend on authority (hence to be constant)

this alleviates post-processing needs V1 "

»
»

UNIVERSITA s
DI TRENTO 13 @ INFN
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Actuation crosstalk

At first approximation, electrostatic forces apply to the TM perpendicularly to its faces.
This means that forces applied along y and z may leak into force along x,
if the TM is not perfectly aligned with the science X axis.

E. ~—0¢p F,+nE
x (p y + 77 z Resulting force
(with component along x)

This effect is known as actuation crosstalk, and generally applies on all DOFs in matrix form,

90 = Bapdp.®)
p

thus, (assuming no cross-coherence between commanded forces)

S0 = ) Bl Sy, ()
p

108 .
Because of this, the force/torque noise along non-x DOFs must be constrained. Ahietion HYLA BT gRe-OTonol
— — Lower-level allocations sum
] 1 ] 1 N —— Actuation Stability (BGT-GRS-01100)
Also geometrical imperfections, as well as FEE unbalances, may yield crosstalk. £ L [ don wiike okd (B RS 0400y
(We don’t go into such detail".) E 107 5 Actuation Cross-talk (BGT-GRS-01300)
; —— Actuation Non-Linearity (BGT-GRS-01400)
-a_]m
£ 1015
g
10-16

1071 1073 1072

UNIVERSITA Frequency [Hz] >
DI TRENTO i« oAsi) ((INFN




Need for precision on actuation waveforms

Audio-frequency carriers with ~0.5V amplitude
must be almost perfectly sinusoidal.

- 16-bit digitization (153uV LSB)
- Sigma-Delta loops for effective LSB reduction

- Apparently not enough for LPF’s ultra-low noise.

It needed post-processing techniques (see below)

1[]*1:1 _
10711
&
=
|
N
=
S
|
w
B
g
BRI
Ag noise Feb 2017
Ag noise Feb 2017 with no rounding correction
Contribution from rounding error
101

10" 107? 107
Frequency [Hz|

ON/OFF

DFACS
FNO ~ Vla
Commanded Commanded
force/torque voltage

downsample

A

E’-h

N

'z,

e.g. GST30158 .

—

g. GST30064

a0

L Vpe |

esh | Nagy

~ V2: 12kHz ~ FN2
AN " f | 98kHz ||| Applied
vy \f* Y PID force

Note: Luigination error is committed here!

What you think

nu

\
|'If\' [ I| M

you are applying: |\ |/
v

| What vou

40

30

20

10

0V (V]

-10

-20

-30

0.49

0.5 .51

0.52 0.53
Commanded voltage [V]

0.54

"
A

TR A are applying: u

\ | 1 f v J]
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Electrode housing and capacitive sensing ‘ 0

;___”

The same electrodes serve a 6-DOF sensing purpose (all directions, all angles).

A 98kHz, 0.6V voltage bias is applied through injection electrodes,
and sensed with 12 electrodes.

= With wide gaps (3-4mm) this corresponds to a sensitivity ~ aF/Hz~'/2, corresponding

to a displacement sensitivity ~ nm/Hz~1/2, and rotation sensitivity ~ 100 nrad/Hz /2 os, = dy—x—Rytangp * g g Y T T Retand
= Compare with an interferometric sensitivity ~ 30 fm/Hz~'/? and ~ 100 prad/Hz /2 o T2

= Why gaps so large??

As usual, to reduce noise (Brownian and stray electrostatics) X = (AC,, + AC,,)
We will come back to this. 4 ‘—‘
: 1
# = gy (86 — 4G
B- 4 |5
A- X
Trans-impedance and
. P,'tfﬂ?f'f@lf@nétf{rﬁjer ﬁ,,,"i?',’l?f',‘?','f'?f ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
! Synchronous demodulator
! r””W””””””””iﬁl1 100 kH.
Band-pass filter . i 3
g e o BN el N e O
% __________________________ 1—————I————————————————————————} Voltage reference

)” UNIVERSITA
" DI TRENTO e @ INFN




The LISA Gravitational Reference ﬁﬁéﬁm

— Intentional, so we take a break from calculations —

42N UNIVERSITA .
84 DI TRENTO sasi) (INFR
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The LISA GRS system

The LISA Gravitational Reference System (GRS):

1. Provides the geodesic (free-falling) reference TMs
2. Provides the end-mirror TMs for sub-pm interferometry.
Drives the spacecraft dynamics with TM position sensing.

3.
Limits all possible sources of unwanted force

Test Mass
4,
below the required level. > Stray force shield.

Electrode Housing
5. Acts as a vacuum system, on-ground and in-flight.

GPRM plunger hole
CVM finger holes

UV light OFT holes

18 @ INFN

Vent duct

Credits: Carlo Zanoni
Laser holes
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The Gravitational Reference System

= Residual acceleration noise down to fm s2/Hz%/2 at mHz frequencies.

= Audio-frequency 6(5)-DOF TM electrostatic actuation (forces+torques).

= Wide(mm)-gap TM capacitive positioning sensing.

S | Ieaas
e e .-
[ This is LPF ]
Note: pictures and citations

referring to LPF's GRS

\ |
\ | 2
\ [
\/
\
Actuation/Sensing electrodes
@ INFN

A
2 *
S
N
&

N

VNV
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The Gravitational Reference System —
‘ ‘:, ,‘- : f QI' g

= Residual acceleration noise down to fm s2/Hz/2 at mHz frequencies

= Audio-frequency 6(5)-DOF TM electrostatic actuation (forces+torques)

= Wide(mm)-gap TM capacitive positioning sensing
= Contact-free UV-light Ch_arge Management System, control

[ This is LPF ]

charge-induced force noise

Note: pictures and citations
referring to LPF's GRS

26 @ INFN
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= Residual acceleration noise down to fm s2/Hz%/2 at mHz frequencies.
= Audio-frequency 6(5)-DOF TM electrostatic actuation (forces+torques).

= Wide(mm)-gap TM capacitive positioning sensing.

= Contact-free UV-light Charge Management System, control
charge-induced force noise.

= Sub-nN static gravitational compensation.
= TM launch-lock/venting and grabbing/release mechanisms.
= Vacuum system handling.

= Environmental diagnostics.

esh | Nagy

[ This is LPF ]

Note: pictures and citations
referring to LPF's GRS

21 @ INFN
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= Residual acceleration noise down to fm s2/Hz%/2 at mHz frequencies.

= Audio-frequency 6(5)-DOF TM electrostatic actuation (forces+torques).

= Wide(mm)-gap TM capacitive positioning sensing.

= Contact-free UV-light Charge Management System, control
charge-induced force noise.

= Sub-nN static gravitational compensation.

= TM launch-lock/venting and grabbing/release mechanisms.

= Vacuum system handling.
= Environmental diagnostics.

= ++ Tested on LPF thanks to
the first sub-pm local interferometer ever flown in space.

[ This is LPF ]

esh | Nagy

Note: pictures and citations
referring to LPF's GRS
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The LISA Pathflnder MlSSlon

Launch to L1: December 2015
- End of operations: July 2017

lisa pathfinder

Electrode Housing

Interferometric IFO
readout: Ax(t)

- g & i Optical Bench,
readout, 6 DOF

NIVERSITA N
| TRENTO 2 ¢A8l) (CINFN



Electrode Housing

» The LISA noise performance was investigated in the
LISA Pathfinder (LPF) mission, in 2015-2017

» Demonstration mission: hardware testing, drag-free control
technology testing, S/C environment testing...

» Main scientific measurement: the out-of-loop differential
acceleration between two LISA-like TMs, along a 38cm arm.

X

..

)l =
» Positioning: sub-pm heterodyne IFO.

LAg(1) = AR(E) = ge(t) — go (1) + [0EAx(1) + Aoty (1)

\ \
Applied control l Coupling to S/C motion
forces Inertial forces

Interferometric IFO
readout: Ax(t)

Optical Bench, | i /
four interferometers  Capacitive (GRS)
readout, 6 DOF

Suspension loop,
nN forces on TM2 w.r.t. TM1

v

v

Drag-free loop,
UN forces on S/C w.r.t. TM1

24 @ INFN



Amplitude [degC]

Amplitude [m]

23

N
N
2}

22

21.5

LPF exactly 10 years ago

" DITRENTO

Q= s |
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startT: 2016-05-16 00:00:00.000 UTC lisa

endT: 2016-05-19 05:00:00.000 UTC

E T T T T 17T I! T T T T 1. T 11 I T T T T 1T 171 T[ T T T T T T T T] T T T T T 1T l:
E———— 3[—sqrt(PSD((dlff(dlff(DFACS PREPROC_OMS_x12)) - (ISFEE_APP_F_x2 / EOM_TM1_M))))|;
-7 L i
x10
0.5 T T T —T T T T T F 1
Time: 2016-05-25 16:44:56.648 UTC _1 2
X: 60296.65 10 E =
Y: 2.057619e-10 E ]
0 B F 3
f— + -
g L ]
-0.5 |—DFACS_PREPROC_OMS_x12 ! 10_13 L i
- g 5
A b ;] I 1
- + ]
;] 14 L -
10714 ¢ ]
1.5 = E E
[ = C ]
2k 4 r 107 T T T | I |
} —sqrt(PSD(Delta_x))
10"
25 1 1 [
0 1 8 9 [
4 108 1
x10 - N R N R | AR
10 " -4 3 2 &
10 10° 10° ';
T T T T T |§l
—DMU_DAU1_TS01_IS1 o | |
—DMU_DAU2_TS02_IS1
DMU_DAU1_TS03_IS1
DMU_DAU2_TS04_IS1
i DMU_DAU1_TS05_IS2 |
DMU_DAU2_TS06_IS2 i | | | |
—DMU_DAU1_TS07_IS2 10 3 2 P 0 1
--- DMU_DAU2_TS08_IS2 b L 10 0 10 1
= = = Frequency [Hz]
2016-05-25T00:00:00 | 2016-05-25T08:00:00 28800 Empty investigation of 8 hours duration.
2016-05-25T08:00:00 |2016-05-25T16:00:00 28800 NOISE Empty investigation of 8 hours duration.
fffffffffffffffffffffffffffffffffffffffffffffff R e Sk GOETILEE BT 2016-05-25T16:45:00 |2016-05-25T16:45:35 35 OLF FORCES STOP Set all open loop forces and torques on SC and TM1 and TM2 to 0
2016-05-25T16:46:00 |2016-05-25T16:46:05 5 CHARGE TONE STOP Set all AC and DC voltages on all TM1 and TM2 electrodes to 0.
. L . . L . L . 2016-05-25T16:47:00 |2016-05-25T16:47:20 20 MAXF DEFAULT Reset all max forces and torques to MIB default
0 1 2 3 4 s 5 7 8 2 2016-05-25T17:16:00 |2016-05-25T18:20:20 | 4400 TRANSITION TO SCI12 Transition from Custom Mode Matched Stiffness to SCI12 Unmatched Stiffness.

Origin: 2016-05-25 00:00:00.000 - Time [s] %10 2016-05-25T18:30:00 | 2016-05-25T18:30:50 50 MAXF 200pN Setting max force on x2 (b_x2) to 200 pN and on phil (b_phil) to 2.00 pN*m and on phi2 (b_pl
2016-05-25T20:00:00 |2016-05-27T01:00:00 53090 TM1 THERMAL EXCITATIONS Thermal excitations into IS heaters 1 and 2 with final ImHz and 0.5mHz modulations in phase.
2016-05-25T20:00:00 |2016-05-27T01:00:00 51310 TM1 THERMAL EXCITATIONS Thermal excitations into IS heaters 1 and 2 with final 1mHz and 0.5mHz modulations in phase.
2016-05-27T01:00:00 |2016-05-28T06:00:00 35090 TM2 THERMAL EXCITATIONS Thermal excitations into IS heaters 3 and 4 with final 1mHz and 0.5mHz modulations in phase.

UNIVERSITA 2016-05-27T01:00:00 |2016-05-28T06:00:00 69310 TM2 THERMAL EXCITATIONS Thermal excitations into IS heaters 3 and 4 with final 1mHz and 0.5mHz modulations in phase.
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LPF exactly 10 years ago

May 2016: actuation experiments.

m—— [Orce m—Torque

[2] [1]

1. UURLA

Change authorities, change offsets to disentangle
parameters and make noise predictions.

10—12 L

10 %}

big+offset
big
nominal
UURLA

HoH HeH e HiH HBH

UURLA: actuation |1

u
DI TRENTO

Frequency [Hz]

NIVERSITA

2= [:f

2. nominal

—2]= 1=

3. big

= =

—g (C0rrElated

. 4. big + offset

0%
Frequency [Hz|

104

-10‘ 20 10‘ 18
Ag coeff. [m?/s%]

10°1°

+X Uncorrelated =—s=-X Uncorrelated

i

10

lol 16
Ay, coeff. [rad?/s]

20 IDI 18
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Results from LISA Pathfinder

LPF run66 - Febl17

I ’
| — dgl4
' /
I
I K
I
10—13 i | I,
] 18 uHz ! J/
] | /
! LPF requirements ,;’
I
I
I
o0 I
S I
|N I
T \\
r?‘m AN
= 10—14 1
] ] v ~ 3 ’,
0 ~~_ LISA requirements -
B ” . . . .
Black points: Bayesian PSD estimation
at minimally-correlated frequencies,
with optimal periodogram length
10—15 4
107 10~ 1073 102 107!

Frequency [Hz]
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That’s not straigh

tforward...

LPF run66 - Febl17

D e

LPF requirements

o ——— e ————

-n...-..-
—
—

-

—— i ———

~~._ LISA requirements -’
-

Note: how long is
-13 | .

107 1 this measurement
7
N
T
D
g 10-14 1
T
W

10—15 ]

107°

1073
Frequency [Hz]

1074

1072

1071

—_—
.

2w N

esh | Nagy

Measured dgL®.
Deglitching.
Subtraction of centrifugal force.

Decorrelation of cross-talk
“debumping”

Decorrelation of Euler force
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PRL 120, 061101 (2018)

Force noise sources:

N

A & & 2 2

—ACtuation Noise

- Cosmic-ray charging
=Stray etectric fietds

- Laser radiation pressure
- Thermal effects

- Gradient forces

32.0%22 fm Hz~1/2

PRL 126, 131103 (2021)

‘S—' - Brownian noise
|
N -etc...
n 10! 1
é ]
53
W

1009 1

10°° 10~ 1073 10‘2/ 1071

Frequency [Hz]
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What if the TM charges up?

— Spoiler: it’s not a question, it does charge up —

— How do we prevent that? —

| Energy Loss of Alphas of 5.49 MeV in Air
(Stopping Power of Air
for Alphas of 5.49 MeV)

"
|

Stopping Power [MeV/cm]
I | I

(=]
=

2 3
Path Length [cm]
Bragg curve of 5.49 MeV alpha
particles in air

&
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TM Charging

of course it charges up!!

= If isolated, the TM charges up with arate A ~ 25 e/s.
= Moreover, discrete-charge interactions induce charging noise.

- We must limit all source of noise.

The TM is an isolated conductor in a space environment with cosmic rays,

107" '
A=1V
A--compensated
N
—
= L=
A
w101
-
P!
-15 L L
10 -4 -3
10 10

Frequency [Hz|

1Q?% |5*Cr
202 | Ox?

Q

— G

oC'x
ox

Fo =

Note that this equation describes multiple effects:

($ - $nullQ)

1)  Quasi-static charge interacts with random voltage fluctuations.
2) Quasi-static voltage interacts with random charge noise.

-
o

bl R P R T R Y B B B R DR P B R i AL OB R R S B B [T L B B R R R )

1020

1013

Flux (m? sr s GeV)?

,..
e
>

10 19

10-22

102

10 28
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uad 11

T RRTTT ERTT MERTT AT |

Fluxes of cosmic rays

<“— (1 particle per m?sec)

(1 particle per m?year)

%

W,
(1 particle per km?year)

i

sl sauoed ol ol soned oned 1o

10°

101! 1043 105 107 1019 102!

Energy (eV)

Ag
g9

|1 0C: Qru ’
(= 57— 52| ()

2
Qrm ~ 2
R e L

1 0C; Ay

3) Random charge noise produces force if TM is off-centered.
= 60 1 A TMI1|]
i vy TM2
g A0 Av, Cqupling of charged T™
= 1"&1. with noisy stray bias
& 201 A
S of, : Coupling of residual
— 60fg ' ' ' DC stray bias with
- | % noisy TM charge
o Ao} T
= iy T
ch 20+ * ¥
& x¥ . Low-energy electrons!!!
5‘ u _I 1 1 1 ‘ * ‘|
-1 -0.5 0 0.5 1

TM Potential (V]
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Another shot noise (charge noise..

Note, charging rate (yields charge build-up) ™I ™2
and effective charging rate (yields shot noise) g 122.9 1245 i
are different things!! et 1060 =+ 90 1360 + 130 s~
Deti142)" 2200 -+ 260 g1
S _ 2 Zq qzllq _ 2ez/1eff _ Z 27 “Determined from fit to Ag with A, =1 V.
o T T@2rf)z T @2nf)? o= L)

°E —Jso
Need to: E 3,
1. Control TM charge (continuous discharge, fast discharge,...) ~ E 1 -
e sE T 9
2. Compensate spurious quasi-static voltages A, (order of mV) 1 =2 F 520 2
3. Have low-noise on applied quasi-static DC fields. < o =
10°' 0— —u
30 T T T T T | p— T T T _'__._IT;III 0.8 E |1 ——a (;5. P D| PR I.nnls. .“ . : 1I5 L 2I- I 10
ol ——tM2|]os 10 log10(Energy/GeV)
—404
-:02 ; 5; T 1 T I 1 I T ;
g 0z 10°7° 45_ _é
E J02 £ - E E
= :-0.4E 8§ E E
406 107 : " 15_ E
I el T - ~ =
a0l 108 -150-100 -50 0 50 100 150 = =
44 Net event charge [+€] E 3
_4%0 I l(l)() I 1:10 I léO I 2;0 I Zfliﬂ I S(I]O I 3;[) I 3;30 I 450 I 4EISO I S(IJO I 5;10 I 5?;0 3:_ _E
Origin: 2015-12-03 04:04:00.000 UTC - [s] LPF discharge strategy: i - log10(Energy/GeV)

measure charge before runs - discharge > measure again. This interrupts observation.

INI!XE]I\{]'SI'gA Can we do any better/differently? 39 @ |N EN
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Keeping the TM neutral: UV discharge

Discharge the TM with photoelectric effect!
UV light from UV LEDs.

Positive saturation

~
len & 1
P — Ce G | ||
[ | | /7/'\7 2 4 Y | / ™
| | = Y ¥ ) | A ]
Electrode Housing Electrode Housing
Credits: Davide Dal Bosco
*#1" Duration Decimation
0.6
enuv uv "
dVipar Vra — Vi Vi — Ve, e
~ —_—
- 0.2 1
dt Tenw OV =
A — y Simulated dataﬂ E 0.0 4
~ —7VTEU Vng ' S y=alieoveh) .
T \
\\ —0.4
A
1
1 Ciot UV V- -
TUTL/ = - 2 0 I eq “ M 0.8 4 B Uv-illumination
aelrry : | ‘ ‘ | ‘ ‘
y 0.0 0.5 1.0 15 2.0 2.5
Time [s] %102

Clever solution: sync with sensing bias!
Not on LPF...

&
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The elephant in the room

I
.\ Molecules.
A I*g,/
| "%

S [fm

1074

1073
Frequency [Hz]

1072
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Brownian noise

= Random hit “shot noise” by residual gas molecules
[Physics Letters A 374 (2010) 3365-3369]
Manifestation of the “fluctuation-dissipation theorem

white noise in the LISA frequency band
Strongly dependent on molecular dynamics and system geometry

|
[PRL 183, 140601 (2009)]
Depends on pressure - engineering-level requirement

7r 52 512 mokpT
+g ) A/}FQM 1 7fms~?/vH
TM \ Noise P D
™ size Temperature
(“mild” dependency here)
Molecule (stronger dependency hidden in p)

R
2 pPaHQO

TM mass
mass

Geometric
amplification
(LISA GRS EH)

- For LISA, this translates into a pressure requirement
at the beginning of the science operations (1.5 yr after launch)

35 @ INFN

Pressure

Gas flow simulation with Molflow+
GRS XZ plane cross section at y=+24mm

&35 UNIVERSITA
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Understanding Brownian noise

“Intuitive” microscopic approach

Molecules constantly (well, not constantly...) outgas
from surfaces within the GRS.

Each molecule follows a path before reaching the outlet.
During its path, it transfers momentum to the TM faces.
That’s a “shot” noise!

esh | Nagy

Another (macroscopic) approach

The fluctuation-dissipation theorem [1] states that any
system with dissipation exhibits fluctuations analogous to
. . . Brownian motion that can be modeled with an external
From the macroscopic point of view, driving force with a power spectral density

the presence of gas acts as a damping o (OF B .
factor, with impedance Z(w) = B. Silw) = 4“Re(a_v) = IR Z(@)] (D)
The fluctuation-dissipation theorem applies,

yielding a calculable force noise.

Assume that a TM is surrounded by an
infinite gas volume (independent hits)

Probability density
5

HJ_
lt,?

The average “shot” noise is calculable, assuming the correct distribution
of the inward and outward particle direction.

szzfdxdy5l+2fdyd25”+2]dxsz"
z X Y

512moks T\ /2 T
T 8

The real case

The TM is surrounded by the EH.

Microscopically = Hits by the same molecule are not independent,
hence correlation must be considered.

Macroscopically = The damping coefficient g is larger as the system couples
with the external environment.

1000

+ + traslation

Solution: simulations and measurements!! o e
100 ¢ x +, + GRS geometry with holes

We find an amplification factor, strongly =l R

dependent on the gap size. =

x +4
x +
1k - - B LT LT LS 1 'S pn—"

- We must have a large gap.

10~ 107 107! 10° 10"
d/s
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How to deal with that?

First. Have a separate vacuum chamber.
Pressure depends on: outgassing rate, pumping speed,

and external pressure
p= Q/S + Dout

- System/geometric: maximize S
- Physical properties: minimize Q

Vent valve

= Vent valve to:
- perform surface conditioning and bakeout pre-flight

- preserve during on-ground storage
- open once in orbit (one-shot mechanism)

Vent duct to:
Vent duct

- preserve vacuum and surface properties during storage
- shield the inner GRS from outer S/C outgassing
- reduce field of view on external S/C surfaces

- guarantee a pumping speed >30L/s

Bakeout, surface conditioning to:

- reduce outgassing rate

o>

N
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107+ 107}
E =5 I I | ;
; I I !
10_ f ¥ I ; f = : = 10' I ¥ i I T
I = ¥ F
1 I 1
Run 1 ] Run 4 [ ’ Run 7 ] ] Run 1 { I
1
— 102} | 10%r 1 I
N i
T i 1 Fime f !
o i L
10 ; by g 10 £ .
E = T I
go 1 1
Run 2 ] Run 5 Run 8 ] Run 12 {
10 1 1 — 10 1
i ‘ 1
I ‘requ I 1 i
107 1 ¥ I : i I3 10 = — r = )
i ‘ ] " it - |
Run 3 ] ] Run 6 l { [ ] Run 8 ’ ] Run 13 {
1 0—5 10—4 16—3 16—2 10—5 16—4 1 6—3 1 6—2 1 0_5 10_4 10_3 10_2 10_5 1 0_4 1 0_3 1 0_2
f[Hz] f[Hz] f[Hz] f[Hz]

38 @ INFN




Evolution of the Brownian noise PSD in time

50 1 A " = Brownian noise decreased consistently
U 4 o 10 over time (about 1.5 yr venting).
304 Ttea = i . .
T . S O [ = Brownian dominates mHz
T2 e {’ RC - acceleration noise.
< TR v § -5
e =S A R e S ¥ 3 b_é*' &
A I N O N A A ; " I’@ ol 3 E
o - LI R— & [3 3 = Reached “H,0 equiv. pressure” 2 pPa.
2 I o 2
=R . | ;}v"’” "2 & = Reached LISA pressure spec.
S ¢ e e N b Bl . -
8 5_ f Measured SpoosK(t) = e(T —293K)SB(t) &+ T = Dependence on T clearly identified.
n ! Scaled to 293K ! & an*‘ L1
31 1 Coldrun . I"g’
24 Power law - = Consistent with water outgassing.
¥ [ However, incompatible with standard
. . . . r ; i ! ! i H u _fi ”
=0 100 200 300 200 500 600 outgassing “water-film on metal”.
(t—t,) [d]

Y
t— tvent

©=(7.0+0.2) kK
y = (0.80 £ 0.02)
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Equivalent vacuum circuits:

Approximate a vacuum system with an equivalent
electrical circuit,

- apply Thévenin/Norton

- solve with software for electronics

Molecular simulations:

sub-divide the system into smaller sources,
implement the correct molecular emission properties,
extract 0Py, /0Qy:

PTM=20Q Qx + Pout
- K

Simulate emission Qy, extract pressure Ppy,.
Extract geometrical parameter d Py, /0Qy.

Implement design changes (duct and inner geometry)
to minimize 9Pz, /9Q;

- Provide forecasts for end-to-end tests (given Qy)

v vV

N

<
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The LISA free fall breakdown
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Free-fall disturbances — a breakdown

We budget for a list of known (and modeled) effects. :LISA Band

The top-level entry “Single TM force per unit mass” — Sinale TM foree (per int ke phica
is broken down into: 10713 4 —— Actuation force noise
——— Stray electrostatics force noise
—— TM-SC/MOSA coupling force noise
1.  Actuation force noise —— Brownian noise
. . —— Magnetic force noise
2. Stray glectrqstahcs force noise S Tempersiure fople nce
3. Brownian noise 8 10144 Gravitational noise
| = — A
4. TM-SC/MOSA coupling force noise 2 ;asssegfrfss“re gose
5. Temperature force noise g
6. Magnetic force noise S
o %)
7. Laser pressure noise il
8. Gravitational noise
10—16
= Current Best Estimate — i)
mmm Allocation
Test Mass Acceleration Noise
10174 == Displacement (Interferometer) Noise
10716 Lt " ——t—t—T T T

10-° 107 1073 1072 107!

10-18 4 Frequency [Hz]

10194

10—20 4

Strain Amplitude Spectral Density [1/v/Hz]

10—21 4

107 103 102 10~ 10°
Frequency [Hz]
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GRS testing at UniTrento / INFN (not exaustive...

e
— . 3
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GRS testing at UniTrento / INFN

z LISA requirement
25 um W wire ] —— Pendulum data
z X C_) n 10~° 3 Thermal noise
y ¢ BK7 Mirror 3 =====: Readout noise
7 a Yy ] Noise floor
Al plate and shaft I i
arim ;
G : :
I Ceramic spacer N
2R¢ !
Au coated [
Ti test mass E;| 1 j/
g v Lal
[ | GRS
T Vv
V = B
IN ij‘B J_ L al
100 kHz c,
9 4 €j> — | il |
) ) 10-* 10~? 1072 107!
be‘ T v Frequency [Hz]
alA _
—— Raw Da‘ta P m ""'_ (
Tilt Subtracted P \ z oy
- — Instrument Limit
o ‘
N
Tl N
~ . )
E ! 7
L Y
N% | LI
= Z \ |
: T
fh LN
, [ AI| I
o= Yo
N e 0 L 1 - L
3\;\5 A /,/{}v R 10 | 0_4 | 0_3 | 0_2 N
‘&) UNIVERSITA Frequnes (1 » ) 7 TNEN
ks N - SI
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References (just a f

Electrostatic

LISA Redbook

Stray electrostatics: PRL 108, 181101 (2012)
Charging: PRL 118, 171101 (2017), PRD 107, 862007 (2023)

LISA Pathfinder (acceleration noise) Discharge: PRD 98, 962001 (2018)

Results during operations: PRL 116, 231101 (2016)
Noise results: PRL 120, 061101 (2018)
Analyses: PRD 110, 842004 (2024)

Brownian noise There are many more references!
Modeling: PhysRevA 374 (2010) 3365-3369 Contact me lorenzo.sala@unitn.it

Lab results: PRL 103, 140601 (2009)
LPF results: PRD 110, 042004 (2024)

Actuation noise T h an ks !

Actuation noise: PRD 109, 182009 (2024)

Noise

Magnetic: PRL 134, 071401 (2025)
Thermal: MNRAS 486, 3368 (2019)
LPF thrusters: PRD 99, 122003 (2019)
LPF glitches: PRD 106, 062001 (2022)
LPF drag-free: PRD 99, 082001 (2019)
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Additional slides (if time is not over yet...)
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= Actuation noise

» Actuation stability noise - Analysis:
= Actuation white noise % Decorrelation of synchronous time series
= Actuation crosstalk noise % Dedicated experiments
= Actuation nonlinearity noise . . ‘ |
i . . y ‘0 Est'lmat'|ons b § igsoffser e FOTCE s ToTqquIE
Stray Electrostatics noise 1072t 3 big ;
= Electrostatic field noise and DC Charge 7 nominal T 't
. . 9 3 ¥ UURLA '- --
= Electrode V noise and DC bias . & /3 F UURLA: actuation 1. UURLA
*= Charge noise and DC bias 2018 \/ 3 ol
= Charge noise and TM position ;N\ zlz]- Iol:
= Continuous Discharge Noise T 2. nominal
= Sensing bias noise and TM position E 10-14| e
= Sensing Amplifier Acceleration Noise %:— g —=
* Brownian noise
= Temperature noise 10-15 . .
. ‘ i o2 o1
= Mean T noise : ST E4 i HEt
. . uel depletion . by olise
* Thermal Gradient Noise i 5 P Magnetic fields ¢
o ° —_ §  Spurious actuation
" Laser rad1at1on pressure 5 10 ] ) TEermal gradients Frequency [H?]
IN & —— Distortion and T u.l.
I
5 _ ] [ ]
E } \': 1 LPF actuation experiments with modified authority
— 0 4 o . . .
%5 10 [l f «— LPF post-processing time series decorrelation
Al L L

104 10-3
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Cross-correlations —

Measured differential
acceleration

= Can we find any relevant cross-correlation between

the available telemetries? N

= If the telemetry is available - Decorrelation Ag(t) = Ago(t) + Z a;y; (1)
= If no telemetry is available - Estimation '\ ; '\

Residual non-correlating Disturbances

acceleration ep epens
susceptibilities
107 Thermal effects
\ AQT mean(t) = ar T(f)
Agr grad(t) = aar ATi(t) + aap, ATH(t)

Imperfect digitization

101 4

SAZ [fm 572 Hz™17]

S ~ 2 . . -
N S~ Ag = —wi(Azgrs — Azoms) Ag(t) = Z i 5Viit) + B (5005 — 6A,1)
~No - ic[1,8]
10° 4 T~ S .
T~a Fuel depletion

Frequency [Hz] Actuation: gain fluctuations
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LPF glitches: description

» Impulse-carrying events (98 events + 334 cold)

‘ - E:ta detected during the whole mission, —”—.:.
] \ —— Residuals rate in ordinary runs: A = 0.96%0-13 d~1 -
3 1 \ = Poisson-distributed, occurrence rate stable for 1.2 yr.
- 3.0
I \\ | 5
3 | 1} = Real forces pushing the TM(s), ol
1- | \IN 3 Duration between 1s and 5h. = lH
Transferred impulse o 1.51 ‘
. Lﬁ%‘. WW\»M%MHHJ between 10fm/s and Inm/s. ~ ] #* al + S Tl
i W = No torque associated, 0.5 lT T
-1 . : : p except for a few events. 0.0
t thours] 0 100 200 300 400 500 600
? t [d]
= Increased rate e '
" Hypotheses: during 8°C runs.

* No clear smoking gun, but
some sources excluded: ol
thermal/magnetic/gravitational/ *4‘ + —
some kind of electrostatics. | ]

S Hﬂ I

o 101 ++—H—0——0——.— _+_

K .YVV\ 5 .4 _H T-I_ ° 2Time iince geginniéng oflc(())oldolvin [d]14 160 -
&= UNIVERSITA .
WX & DI TRENTO 49 @ INFN

|
N
o

AQy [pradfs]
N
o S

o
(°C)

-40 ShHHe

IN

—60000 —40000 —20000 0 20000 40000 60000
]

= A possibility: outgassing

N w

LTP bay temperature

=

- see PRD 106, 062001 (2022) -
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